Dihydrolipoic acid (DHLA) modified gold nanoparticles (AuNPs) were used as a highly selective probe for the detection of prion proteins. We discovered that AuNPs undergo aggregation selectively in the presence of recombinant prion protein (rPrP), and such selective aggregation enhanced the resonance light scattering (RLS) intensity from AuNPs tremendously. Based on this phenomenon, we established a new assay for rPrP detection. This new assay is label-free, highly selective, and sensitive. The linear range for rPrP detection is from 2.0 × 10 -10 to 2.0 × 10 -8 mol L -1 with excellent discrimination against other interfering compounds, and the detection limit is 7 × 10 -11 mol L -1 . This assay has been successfully applied for rPrP detection in E. coli lysate, bovine serum samples and human plasma samples. Compared with other methods, the detection approach described here can achieve high selectivity and sensitivity without any complicated labeling or expensive instruments.
Introduction
Prions are believed to be the causative agents of a group of fetal neurodegenerative diseases called transmissible spongiform encephalopathies (TSEs). The pathogenic mechanism of prions is the conversion of normal cellular isoform (PrP C ) into misfolded infectious isoform (PrP Sc ), which is rich in beta-pleated sheets and protease-resistant. 1, 2 Extensive structural analysis showed that PrP C and PrP Sc have identical amino acid sequences and covalent post-translational modifications; however, they have distinct physico-chemical properties and their conformation is believed to be totally different. 3, 4 PrP Sc has a high tendency to aggregate into amyloid plaques in the central nervous system by imposing its conformation on the homologous normal host cell protein, which will be fatal to cells and eventually develop into lethal TSEs. 5, 6 TSEs can be inherited, 7 sporadic, 8 lethal, 9 and pathogenic to many hosts. 10 Besides, they have long asymptomatic incubation periods before host death occurs. PrP Sc can facilitate the conversion of PrP C into PrP Sc and thereby propagate a rapid infection. 7, 11 Once such infection breaks out, it is hard to curtail and will spread rapidly. Diseases such as bovine spongiform encephalopathy, 12 scrapie 13, 14 and Creutzfeld-Jakob disease, 15 variant CJD, 12, [15] [16] [17] fatal familial insomnia 9, 15 and Gerstmann-Straussler-Scheinker syndrome, 15 all induced progressive destruction of the brain and caused crises, which endanger the health of human and animals directly. In this regard, the development of a simple, rapid, and sensitive method for prion protein detection before the onset of clinical symptoms is important.
There are many methods available for prion protein detection. The incubation-time bioassay in animals is capable of detecting prions, 18 but since biological assay is labor-intensive, time-consuming and requires high cost, it is not practical for routine testing. Immunohistochemical method 19 is a highly sensitive and low-cost method, but it is used only for postmortem diagnosis and takes a long time. The most widely used test is the Western blot (WB), 20, 21 which is highly sensitive, ultra selective and reliable. Enzyme-linked immunosorbent assays (ELISAs) 22 are also sensitive, and can detect 2.0 × 10 -11 mol L -1 of PrP Sc . These methods mentioned above are all based on PrP C being rapidly degraded by proteinase K, whereas PrP Sc is resistant to proteinase K degradation. The conformationdependent immunoassay (CDI) 23 and mass spectrometry-based method 24 are ultra sensitive methods for recombinant prion protein (rPrP) detection.
The protein misfolding cyclic amplification methods using cell culture 25 or cell-free conversion assay 26 also show considerable promise. However, all of these methods need complicated manipulation steps and require expensive apparatus.
Compared with the detection methods mentioned above, resonance light scattering (RLS) technique has distinct advantages of simplicity, rapidness, high selectivity and low cost, and has been developed to detect biological macromolecules such as proteins 27 or DNA. 28 Gold nanoparticles have attracted widespread attention in biology and medical detection fields for their good biocompatibility, 29 distance-dependent optical properties 30 and easy modification. Our group has discovered that rPrP can induce the aggregation of CdTe QDs 31 and AuNPs 32 selectively. RLS signal is extremely sensitive to the formation of aggregation. 28, 33 Based on these discoveries, we establish a RLS assay for rPrP detection using dihydrolipoic acid (DHLA)-AuNPs as probe. This assay can achieve high sensitivity without labeling on AuNPs, with the detection limit of 7 × 10 -11 mol L -1 . It can be applied for rPrP detection in real world samples such as E. coli lysate, bovine serum and human plasma.
Experimental

Reagents and chemicals
Chloroauric acid (HAuCl4), cytochrome c and chymotrypsin were purchased from Aladdin Reagent Co., Ltd. Citrate sodium was purchased from Beijing Chemical Works. Lipoic acid was purchased from Shanghai Bangcheng Chemical Industry Co., Ltd. Sodium borohydride was purchased from Chengdu Kelong Chemical Reagent Factory. Tetramethylammonium hydroxide solution, hemoglobin (Hb), glucose oxidase (GOD), horseradish peroxidase (HRP) and human serum albumin (HSA) were purchased from Sigma-Aldrich (St. Louis, MO). Pepsin was purchased from Shanghai Institute of Biological Products. Cellulase was purchased from Dongfeng Biochemistry Technology Co., Ltd.
Thrombin was purchased from Heilongjiang Dilong Pharmaceutical Co., Ltd. Bovine serum albumin (BSA) was purchased from Shanghai BioLife Science & Technology Co. L-valine (Val) and bovine serum were purchased from Beijing Dingguo Changsheng Biotechnology Co., Ltd. Centrifugal filter devices (molecular weight cutoff is 50 kDa) were purchased from Millipore (Carrigtwohill, Ireland). Human plasma samples from healthy persons were collected at Southwest University Hospital. All chemical reagents used were of analytical grade. Ultra-pure water was prepared by a Milli-Q-Plus system and used throughout.
Preparation of AuNPs and rPrP
DHLA was prepared as previous reported 34 and dissolved in toluene. AuNPs were prepared following Frens'method, 35 and then were capped with DHLA according to a literature method. 36 The molar concentration of AuNPs stock solution was calculated to be 1.0 × 10 -8 mol L -1 .
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Recombinant prion protein (rPrP) with a mutation at codon 180 was obtained from transformed Escherichia coli BL21 containing the plasmid pET-rPrP (a kind gift from Prof. Xiao Geng-Fu, Wuhan Institute of Virology, Chinese Academy of Science) and purified using a nickel ion-charged Sepharose column according to the literature. 38 The concentration of rPrP was determined using Bio-Rad protein assay kit. All reagents used for rPrP purification were purchased from Genview.
Apparatus
UV-vis absorption spectra were recorded using a UV-2450 spectrophotometer (Shimadzu, Japan). Fluorescence spectra were recorded by an F-4500 fluorescence spectrometer (Hitachi, Japan). The dynamic light scattering (DLS) signal was recorded by a Zetasizer Nano ZS90 apparatus (Malvern, UK). The morphology and dispersivity of DHLA-AuNPs were measured by a Tecnai G2 F20 S-TWIN field emission transmission electron microscope (TEM) (FEI, USA).
RLS measurement
Seventy microliters of AuNPs solution, 70 μL sodium phosphate buffer (pH 8.0, 2.0 × 10 -1 mol L -1 ) and 33.6 μL of NaCl (2.5 mol L -1 ) were added to a 2-mL Eppendorf tube in turn. Then a certain volume of rPrP was transferred into the above mixture and finally diluted to 700 μL with ultra-pure water. After mixing thoroughly by vortexing, the solution was incubated at room temperature for 30 min and then was used for measurements. The RLS spectra were obtained by scanning synchronously from 200 to 700 nm, and RLS intensities at 523 nm were used for quantitative detection. Excitation and emission slit widths were kept at 10 nm.
Determining rPrP concentrations in real samples
To demonstrate the potential application of the DHLA-AuNPs system, we detected rPrP in real samples, such as E. coli lysate, bovine serum and human plasma by using the standard addition method. The prion protein was obtained from E. coli. The rPrP concentration in E. coli. before purification was unknown, so it is necessary to determine the rPrP concentration before purification. In order to remove BSA or other interferences, we pretreated bovine serum and human plasma by centrifugal filter devices before determination. We detected rPrP concentration in real samples after spiking them with standard solutions of purified rPrP. Then, the spiked samples were mixed with 2.0 × 10 -2 mol L -1 phosphate buffer solution (PBS, pH 8.0) and 0.12 mol L -1 NaCl by vortexing. After incubation for 30 min, the solution was measured and a calibration curve was constructed.
Results and Discussion
Interaction between DHLA-AuNPs and rPrP TEM ( Fig. 1) showed that DHLA modified AuNPs were monodisperse and Fig. S1 (Supporting Information) revealed that the average diameter was about 13 nm. The characteristic plasmon absorbance band of DHLA-AuNPs was centered at about 523 nm. The addition of rPrP to DHLA-AuNPs produced a distinctive red-to-blue color change, associated with a red shift in the absorption band from 523 to 566 nm (Fig. 2) . This red-shift indicated the formation of AuNPs aggregation. DLS and TEM methods also confirmed the aggregation of AuNPs. Figure S2 (Supporting Information) shows that hydrodynamic diameter increased following the addition of rPrP. TEM revealed that AuNPs aggregated after the addition of rPrP (Fig. 1) , and fibrils existed in the aggregates of AuNPs when the rPrP concentration was big enough.
rPrP is unstabilized and displays a strong tendency to form oligomers with fibrillar structures or less ordered aggregates. 39 It has been reported that nanoparticles (NPs) can facilitate the formation of protein fibrils. Their potential to induce protein fibrillation is a function of both the NPs surface charge, which promotes adherence of the protein, and its large surface area, which can act as platforms for protein association to increase local protein concentrations and induce significant changes in protein structure. 40, 41 NPs surfaces have been reported to nucleate the formation of inorganic structures, and become incorporated as a core into the final product. 42 The isoelectric point (pI) of rPrP is 10.00. rPrP will be positively charged under the experimental condition (pH 8.0), while DHLA-AuNPs is negatively charged. They can interact with each other via electrostatic interaction. The high surface areas of AuNPs could absorbed rPrP, thus facilitating the rate of rPrP fibrosis and producing fibrillar oligomers. The oligomers can induce the further adherence of AuNPs. In this process, AuNPs acted as a nucleus and promoted the formation of bigger aggregation. This aggregation only responded to targets that were positively charged and had strong aggregation tendency. Other positively charged proteins, such as cytochrome c and chymotrypsin, did not cause any aggregation, as shown in Table S1 (Supporting Information).
This ensured the high selectivity of aggregation-based detection. Recently, our group found that NaCl can promote the folding rate of rPrP and thus accelerate the formation of AuNPs aggregation. 32 As a result, NaCl can improve the sensitivity of aggregation-based detection.
Resonance light scattering spectra of DHLA-AuNPs
The RLS is a new analytical technique that has been applied in the field of biochemical research. RLS has been reported to be extremely sensitive to the formation of aggregation 28, 33 and can be applied in aggregation-based detection. AuNPs solution exhibited a weak RLS peak located at 523 nm. After the addition of rPrP, the RLS intensity at 523 nm was enhanced correspondingly; the enhancement was proportional to the rPrP concentration in a certain range (Fig. 3) . So the enhancement of RLS signals could be obtained for rPrP determination.
Optimization of detection conditions
Various influence factors such as pH, AuNPs concentration, NaCl concentration and reaction time were optimized.
The pH value plays an important role in AuNPs-rPrP systems, as it influences the surface charge of AuNPs and the net charge of rPrP. DHLA-AuNPs remained stable in PBS over the pH range of 5.0 -10.0. As shown in Fig. S3A (Supporting Information), the IRLS/IRLS0 value reached a maximum at pH 8.0, where IRLS0 and IRLS represented the RLS intensity at 523 nm of DHLA-AuNPs before and after the adding of rPrP, respectively. Therefore, PBS of pH 8.0 was chosen for detection.
The effect of AuNPs concentration on RLS intensity was investigated. Different concentrations of AuNPs (in a range from 4.0 × 10 -10 to 1.6 × 10 -9 mol L -1 ) were mixed with PBS, NaCl and rPrP. As shown in Fig. S3B (Supporting Information) , with the increasing of AuNPs concentration, the IRLS/IRLS0 value was remarkably enhanced at the beginning and remained relatively steady in the range of 1.0 × 10 -9 -1.2 × 10 -9 mol L -1 . To save reagent volume, we chose 1.0 × 10 -9 mol L -1 for detection. We have discovered that NaCl can promote detection sensitivity by facilitating the fibrillation rate of rPrP and by accelerating the aggregation of AuNPs.
We took this phenomenon into consideration and investigated the optimization of NaCl concentration in the range of 8.0 × 10 -2 -0.18 mol L -1 . Figure S3C (Supporting Information) shows that the IRLS/IRLS0 value was remarkably enhanced with the increase of NaCl at the beginning and reached maximum value at 0.12 mol L -1 . Therefore, NaCl concentration of 0.12 mol L -1 was chosen for detection.
We found that the RLS intensity was insensitive to incubation time. After the addition of rPrP, the RLS intensity reached the maximum at 30 min and remained stable from then on (Fig. S3D, Supporting Information) . Therefore, an incubation time of 30 min was used in follow-up experiments.
Sensitivity and selectivity
In this experiment, based on the mechanism that DHLA-AuNPs induce the formation of fibrils of rPrP and that rPrP fibrosis facilitates the further aggregation of AuNPs, further combination of the RLS technique allow the quantitative detection of rPrP. With the increasing concentration of rPrP, the intensity of RLS peaks at 523 nm is enhanced correspondingly in a certain range.
Under the optimal conditions, a good linear relationship between the RLS intensity and the concentration of rPrP is obtained in the range of 2.0 × 10 -10 to 2.0 × 10 -8 mol L -1 (Fig. S4, Supporting Information) . The linear equation was IRLS = 40.899C + 155.9135 (R 2 = 0.9910) with a relative standard deviation (RSD) of 1.8% (n = 11), where IRLS is the RLS intensity of AuNPs solution after the addition of rPrP, and C the related concentration of rPrP. The limit of detection is 7 × 10 -11 mol L -1 (3σ). We had developed an AuNPs-based method for rPrP detection using absorptiometry. 32 The previous work and the current work share the same mechanism. However, the current assay is more time saving than the previous one, as there is no need for centrifugating before detection. The dynamic ranges are also improved. The dynamic range of previous work was from 1 . The wide dynamic range will facilitate the measurement of real samples.
To study the selectivity for rPrP determination with the proposed RLS method, we explored the effect of interfering substances commonly found in biological samples by adding these substances to AuNPs solution. The RLS intensity of AuNPs-rPrP solution was 2.5 to 4.0 fold higher than pure AuNPs solution, while no aggregation or RLS intensity change was observed after adding metal ions (Al 3+ The effect of the coexisting substances on the determination of rPrP was investigated in the systems with compounds such as metal ions, amino acids and proteins under optimum conditions; a relative error of less than ±5% was considered to be acceptable. Table S1 (Supporting Information) shows that none of these coexisting substances affected the determination. In biological samples, amino acid concentration is usually less than 5.0 × 10 -4 mol L -1 , while proteins such as hemoglobin and thrombin are at low micromolar levels. In our system, most substances could be allowed at high concentrations, such as 1.0 × 10 -5 mol L -1 for most amino acids. After dilution of samples, there were no interferences. In biological samples, such as bovine serum and human plasma, the BSA and GOD concentration are higher than the concentration we used. However, their molecular weights are 67 and 160 kDa, respectively. They can be removed by a centrifugal filter device with a MWCO of 50 kDa. Even positively charged (the same surface charge as rPrP) proteins, such as cytochrome c and chymotrypsin, did not affect the determination. Therefore, these results confirmed the high tolerance of coexisting substances, which showed promise for detection of rPrP in biological samples.
Detection of rPrP in real samples
Concentrations of rPrP in E. coli lysate, bovine serum solution and human plasma were respectively determined. The linear equation and dynamic range for each sample is shown in Table 1 . The concentrations of rPrP in the diluted E. coli lysate, bovine serum solution and human plasma solution were determined to be 4.3 × 10 and in plasma is from 2.5 to 9.0 × 10 -9 g mL -1 . 45 Clinical symptoms may never show up in some infected hosts who will become asymptomatic carriers and may transmit the disease to other individuals. 46, 47 It was a pity that the dynamic ranges diminished a little in real sample detections. As the dynamic ranges of E. coli lysate, bovine serum solution and human plasma solution is 1. IRLS and IRLS0 are the RLS intensity of AuNPs in the presence and absence of rPrP, respectively. C is the concentration of rPrP.
respectively. But the good linearity confirmed that the detection assay described here could be applied for rPrP detection before the onset of clinical symptoms and shows potential applications in reducing the risk of TSE infection.
Conclusion
An rPrP detection method based on DHLA-AuNPs probe and RLS detection technique was developed. Compared with other methods, the label-free detection approach described here can achieve high selectivity and sensitivity without any complicated labeling or expensive instruments. It has been applied for rPrP detection in real world samples successfully.
